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We construct a model in which the standard model is extended by a hidden sector with two gauge
U(1) bosons. A Dirac fermion ψ charged under both U(1) fields is introduced in the hidden sector
which can be a subcomponent of the dark matter in the Universe. Stueckelberg mass terms between
the two new gauge U(1) fields and the hypercharge gauge boson mediate the interactions between
the standard model sector and the hidden sector. A remarkable collider signature of this model is
the enhanced long-lived dark photon events at the LHC than the conventional dark photon models;
the long-lived dark photons in the model can be discriminated from the background by measuring
the time delay signal in the precision timing detectors which are proposed to be installed in the LHC
upgrades and have an O(10) pico-second detection efficiency. Searches with current LHCb data are
also investigated. Various experimental constraints on the model including collider constraints and
cosmological constraints are also discussed.
INTRODUCTION
Recently, particles with a long lifetime have been stud-
ied extensively at colliders (see e.g. Ref. [1] for a review).
At the large hadron collider (LHC), the long-lived par-
ticles have been searched for in channels with displaced
dilepton vertices [2–6] and in channels with displaced jets
vertices [7–15]. Searches for displaced vertices of colli-
mated leptons or light hadrons with low pT , which orig-
inate from light neutral particles such as dark photons,
have been carried out at the LHC, e.g. by the ATLAS
collaboration [16, 17].
Typically, for a particle to be considered as a long-
lived particle at the LHC, the decay length has to be
larger than O(1) mm so that the displaced vertex can be
detected by the spatial resolution of the LHC detectors.
Thus, the coupling strength between long-lived particles
and the standard model (SM) particles is usually signifi-
cantly reduced. For example, an electrophilic vector bo-
son A′ that couples with electron via gA′µe¯γ
µe has a de-
cay width Γ = g2mA′/(12pi) and a decay length d = γvτ ,
where v (τ) is the velocity (lifetime) of the vector boson
A′, and γ is the Lorentz boost factor. For such a particle
to have a macroscopic decay length so that it can give
rise to a long-lived particle signature at the LHC, the
decay coupling is typically small. For example, consider
a typical decay length as d ' 1 m, one has g ∼ O(10−6)
for the case where mA′ = 1 GeV and γ = 100. Thus
simple long-lived vector boson models usually lead to a
suppressed LHC cross section due to the small coupling
constant needed for the large decay length.
In this paper, we construct a model that predicts a
long-lived dark photon (LLDP) with a GeV scale mass.
Unlike many other dark photon models, the production
cross section of the GeV LLDP in our model at the LHC
is not suppressed. This is because the production process
of the LLDP is different from its decay process. We use
the Stueckelberg mechanism to mediate the interaction
between the hidden sector and the SM sector; the pro-
duction and decay processes of the LLDPs are mediated
by different Stueckelberg mass terms.
Recently, models in which LLDPs can have a sizable
collider signal have been proposed in the literature. For
example, Ref. [18] introduced a second boson with cou-
plings to both SM quarks and the hidden fermion to
produce dark photons at colliders. Ref. [19] used a
dimension-five operator between a scalar SU(2)L triplet,
the SM SU(2)L gauge bosons and the dark gauge boson
to generate a non-abelian kinetic mixing term, which can
enhance the LLDP signal. Potential large LLDP collider
signals can also arise via top-partner decays [20], or via
a Higgs portal interaction to the hidden QED [21].
THE MODEL
We introduce two Abelian gauge groups in the hidden
sector: U(1)F with gauge boson X
µ and U(1)W with
gauge boson Cµ. We use the Stueckelberg mechanism to
provide masses to the two new gauge bosons in the hidden
sector, and also to mediate the interactions between the
hidden sector and the SM sector [23–27]. The Lagrangian
for the extension is given by L = LF + LW where
− 4LF = X2µν + 2(∂µσ1 +m11Bµ +m1Xµ)2,
− 4LW = C2µν + 2(∂µσ2 +m22Bµ +m2Cµ)2.
Here Bµ is the hypercharge boson in the SM, σ1 and
σ2 are the axion fields in the Stueckelberg mechanism,
and m1, m2, m11, and m22 are mass terms in the
Stueckelberg mechanism. The dimensionless parame-
ters 1 and 2 are assumed to be small in our analy-
sis: 1 ∼ O(10−7) and 2 ∼ O(10−2) for our current
analysis at the LHC. LF is invariant under U(1)Y gauge
transformations δYBµ = ∂µλB and δY σ1 = −m11λB ;
LF is also invariant under U(1)F gauge transformation
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2δFXµ = ∂µλX , and δFσ1 = −m1λX . Similarly, LW is
gauge invariant under both U(1)Y and U(1)W .
In the hidden sector, we further introduce one Dirac
fermion ψ that is charged under both U(1)F and U(1)W .
Vector current interactions between the Dirac fermion
and the gauge bosons in the hidden sector are assumed,
i.e., gF ψ¯γ
µψXµ + gW ψ¯γ
µψCµ where gF and gW are the
gauge couplings for U(1)F and U(1)W respectively.
The two by two mass matrix in the neutral gauge boson
sector in the SM is now extended to a four by four mass
matrix, which, in the gauge basis V = (C,X,B,A3), is
given by
M2 =

m22 0 m
2
22 0
0 m21 m
2
11 0
m222 m
2
11
2∑
i=1
m2i 
2
i +
g′2v2
4 − g
′gv2
4
0 0 − g′gv24 g
2v2
4
 (1)
where g and g′ are gauge couplings for the SM SU(2)L
and U(1)Y gauge groups respectively, A
3 is the third
component of the SU(2)L gauge bosons, and v is the
Higgs vacuum expectation value. The determinant of the
mass square matrix vanishes which ensures the existence
of a massless mode to be identified as the SM photon.
The mass matrix can be diagonalized via an or-
thogonal transformation O such that OTM2O =
diag(m2Z′ ,m
2
A′ ,m
2
Z , 0); the mass basis E = (Z
′, A′, Z,A)
is related to the gauge basis V via Ei = OjiVj . In the
mass basis, A is the SM photon, Z is the SM Z boson,
A′ is the dark photon with a GeV-scale mass and Z ′ is
the heavy boson with a TeV-scale mass. Diagonalization
of the mass matrix leads to interactions between Z/A in
the SM to the fermion ψ in the hidden sector, and also
interactions between Z ′/A′ in the hidden sector and SM
fermions f ; both ψ − Z/A and f − Z ′/A′ couplings are
suppressed by the small 1 and 2 parameters, and vanish
in the 1 = 0 = 2 limit.
We parameterize the interactions between the fermions
and the mass eigenstates of the neutral bosons via
f¯γµ(v
f
i − γ5afi )fEµi + vψi ψ¯γµψEµi (2)
where the vector and axial-vector couplings are given by
vfi = (gO4i − g′O3i)T 3f /2 + g′O3iQf , (3)
afi = (gO4i − g′O3i)T 3f /2, (4)
vψi = gWO1i + gFO2i, (5)
with Qf is the electric charge of fermion f , T
3
f is the
quantum number of the left-hand chiral component of
the fermion f under SU(2)L.
EXPERIMENTAL CONSTRAINTS
Here we discuss various constraints on the model, in-
cluding electroweak constraints from LEP, constraints
from LHC, and also cosmological constraints.
In our analysis, we will fix most model parameters so
that a sizable LHC signal is expected. We first discuss
these default parameter values. The heavy Z ′ boson in
our model mostly originates from the U(1)W boson Cµ
whose mass is fixed to be m2 = 700 GeV in the remaining
of the analysis. In order to obtain a sufficient large ψψ¯
production cross section at the LHC, we choose gW = 1;
a relatively large U(1)F coupling constant is also chosen,
gF = 1.5, so that a rather sizable dark radiation rate
for the ψ particle can be achieved in the model. We
use cτ = ~c/Γ = 1 m as the characteristic value for
the proper lifetime of the dark photon, where Γ is the
dark photon decay width; the dark photon decay widths
are given in Appendix. We find that small modifications
around cτ = 1 m do not lead to significant changes in the
collider signatures. The above values are the default ones
used throughout the analysis, if not explicitly specified.
Z invisible decay: The Z invisible decay width is mea-
sured to be ΓZinv± δΓZinv = 499 MeV ±1.5 MeV [28]. The
Z boson can decay into the ψψ¯ final state, if mZ > 2mψ,
with a decay width
ΓZ→ψψ¯ =
mZ
12pi
(vψ3 )
2
√
1− 4xψZ(1 + 2xψZ), (6)
where xψZ ≡ (mψ/mZ)2, and vψ3 is the vector coupling
between the Z boson and ψ, as given in Eq. (5). Equat-
ing the invisible decay width due to the ψψ¯ final state to
the experimental uncertainty δΓZinv, one obtains an up-
per bound on vψ3 , which is shown on Fig. (1). For light
ψ mass, one has vψ3 & 2.5× 10−2.
Electroweak constraint on the Z mass: The mass of
the Z boson is modified due to the enlarged neutral gauge
boson mass matrix, as given in Eq. (1). For the param-
eter space of interest in our analysis, i.e., 1  2, the
mass shift on the Z boson can be estimated as∣∣∣∣∆mZmZ
∣∣∣∣ ' 222 s2W
(
1− m
2
Z
m22
)−1
, (7)
where s2W ≡ sin2 θW = 0.22343 [29], with θW being the
weak rotation angle. We adopt the methodology in Ref.
[24] to estimate the electroweak constraints. The exper-
imental uncertainty of the Z mass is given by [24][
δmZ
mZ
]2
=
[
c−2W − 2t2W
δm−1W mW
]2
+
t4W (δ∆r)
2
4(1−∆r)2 , (8)
where cW ≡ cos θW , and tW ≡ tan θW . Here we take
into account the recent analysis on the uncertainty of
the W boson mass , mW ± δmW = 80.387 ± 0.016
GeV [29], and on the radiative correction, ∆r ± δ∆r =
0.03672 ∓ 0.00017 ± 0.00008 [29] where the first uncer-
tainty is due to the top quark mass and the second is
due to the fine structure constant α(mZ) at the mZ scale.
Adding in quadrature, we obtain δ∆r = 0.00019. Equat-
ing the mass shift on the Z boson given in Eq. (7) to the
3experimental uncertainty, one obtains an upper bound
on 2
|2| . 0.036
√
1− (mZ/m2)2. (9)
Di-lepton constraint on Z ′ decays: Dilepton final
states which are produced at the LHC from the heavy
Z ′ boson via the Drell-Yan process, can be searched for
by reconstructing their invariant mass. Fig. (1) shows
the 95 % CL upper bound on 2 in the dilepton channel
from ATLAS [30].
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Figure 1. The 95% CL exclusion limits on 2 as a function of
mψ. We use the following parameters: m1 = 3 GeV, m2 =
700 GeV, gF = 1.5, gW = 1.0, and cτ = 1 m. Shown are the
millicharged particle searches at the colliders (shaded light
gray) [31], electroweak constraints due to the Z mass shift
(dashed red), the Z invisible decay (dash-dotted green) [28],
the di-lepton high mass resonance search at ATLAS (dash-
dotted blue) [30], and the mono jet search at ATLAS (solid
black) [32].
Constraints on millicharge: Due to the off-diagonal el-
ements in the four by four mass matrix, the ψ particle
interacts weakly with the Z boson and the photon in the
SM. Thus there is a small electric charge of the ψ particle,
δ = vψ4 /e, with respect to the photon. In the parameter
space of interest of the model, we have δ ' 0.88 2/e. The
small electric charge is often referred to as “millicharge”;
the ψ particle remains undetectable in typical particle de-
tectors due to the minute electric charge. Fig. (1) shows
the collider constraints on millicharge in the (mψ, 2)
plane [31]. The collider constraints on millicharge are
the most stringent constraints on 2 for mψ . 0.6 GeV.
Because the ψ particle is charged under U(1)W and
U(1)F in the hidden sector, it is stable and thus can be
a dark matter (DM) candidate. For the parameter space
of interest, i.e., mψ > mA′ , the annihilation channel into
on-shell dark photons, ψψ¯ → A′A′, is the dominant pro-
cess for the relic abundance of the ψ particle; the an-
nihilation cross section can be approximated as follows
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Figure 2. The fraction of ψ to the total DM in the Universe
as a function of the ψ mass. Here, we take the canonical DM
cross section is 〈σv〉DM = 1 pb. The magenta dashed line
represents the current limit from Refs. [33–36].
[37]
〈σv〉ψψ¯→A′A′ '
(vψ2 )
4
16pim2ψ
(1− r2)3/2
(1− r2/2)2 , (10)
where vψ2 is the coupling between the dark photon and ψ,
as given in Eq. (5), and r = mA′/mψ. We compute the
ratio between the ψ relic abundance and the total DM
relic abundance via fψ = 2〈σv〉DM/〈σv〉ψψ¯→A′A′ , where
〈σv〉DM = 1 pb is the canonical DM cross section, and
the factor of 2 accounts for the Dirac nature of the ψ
particle. Because vψ2 ' gF , the annihilation cross sec-
tion given in Eq. (10) is much larger than the canonical
annihilation cross section needed for the cold DM relic
density in the Universe [38], for the case mA′ ∼ O(1)
GeV and mψ ∼ O(10) GeV. Thus, the contribution of
the ψ particle to the DM in the Universe is less 0.1%
when mψ < 100 GeV, as shown in Fig. (2). This is con-
sistent with the cosmological limits on millicharged DM,
which constrain the fraction of the millicharged DM to
be . 1% of the total DM in the Universe [33–36]. The ψ
DM is efficiently stopped by the rock above underground
labs of DM direct detection experiments, unless the mil-
licharge is extremely small. Adapting the estimation in
Refs. [39, 40] for 1 km of rock, we found that the DM di-
rect detection is only sensitive to the mixing parameter of
2 < 10
−6 in our model. Thus the current underground
DM direct detection experiments do not constrain the
model.
Monojet constraints: Searches for invisible particles
which are produced in association with an initial state
radiation (ISR) jet have been carried out at ATLAS [32]
and CMS [41]. Here we recast the ATLAS result [32]
to set constraints on our model. We use MadGraph5
aMC@NLO (MG5) [42] to generate events for the process
4pp → ψψ¯j which are then passed to Pythia 8 for show-
ering and hadronization [22, 43, 44]. The Madanalysis
5 package [45, 46] is further used to analyze the ATLAS
results [32]. We use the same detector cuts as in Ref.
[32]; the optimal selection region for our model is found
to be in the window: EmissT ∈ (300, 350) GeV (the EM2
region in Ref. [32]). The 95% CL exclusion limit on 2
from the monojet channel in ATLAS [32] is shown in Fig.
(1). When mψ < mZ/2, the Z boson diagram, i.e., the
pp → Zj → ψψ¯j process gives the dominant contribu-
tion to the monojet signal; when mψ > mZ/2, the Z
′
boson diagram, i.e., the pp→ Z ′j → ψψ¯j becomes more
important than the Z process. Because of the large Z ′
mass, the Z ′ boson diagram is suppressed as compared
to the Z diagram. Thus the monojet channel only pro-
vides a comparable constraint to other constraints for
mψ < mZ/2.
As shown in Fig. (1), the electroweak constraint on
the Z mass shift provides the best constraint to the pa-
rameter space of interest in our model, except for the
mψ . 0.6 GeV region where collider constraints on mil-
licharged particles become strong.
TIMING DETECTOR
Recently, some precision timing detectors are proposed
to be installed at CMS [47], ATLAS [48, 49] and LHCb
[50]. These timing detectors, which aim to reduce the
pile-up rate at the high luminosity LHC (HL-LHC), can
also be used in long-lived particle searches [51–54]. In
this analysis, we focus on one of the timing detectors,
the minimum ionizing particle (MIP) timing detector to
be installed to the CMS detector (hereafter MTD CMS)
[47], which has a ∼30 pico-second timing resolution. At
the MTD CMS, the timing detection layer, which is pro-
posed to be installed between the inner tracker and the
electromagnetic calorimeter, is about 1.17 m away from
the beam axis and 6.08 m long in the beam axis direc-
tion. A time delay at the LHC due to long-lived particles
can be measured by the new precision timing detectors,
which can enhance the collider sensitivity to such models
[51].
Z,Z ′
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p ψ¯
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Figure 3. Feynman diagram for the dark photon production
at the LHC.
At the LHC, the hidden sector particle ψ can be pair-
produced via pp → Z/Z ′ → ψ¯ψ, which subsequently ra-
diates dark photons ψ → ψA′; the corresponding Feyn-
man diagram is shown in Fig. (3). Due to the feeble in-
teraction strength to SM fermions, the A′ boson travels
a macroscopic distance away from its production point
and then decays into a pair of SM particles which are
detected by the timing layers. Here we use the di-lepton
final states measured by the timing layers to detect the
LLDP in our model. The time delay between the lep-
tons from the LLDP and SM particles produced at the
primary vertex is given by
∆t = LA′/vA′ + L` − LSM, (11)
where the L’s are the distances traveled by various parti-
cles and v = c for the SM particles [51]. The time delay
is significant if the LLDP moves non-relativistically.
We select the leading leptons with transverse momen-
tum p`T > 3 GeV to suppress faked signals from hadrons
produced with low pT [55] and to ensure that the lepton
is moving relativistically and its trajectory is not signifi-
cantly bent [51]. The point where the dark photon decays
is required to have a radial distance away from the beam
axis of 0.2 m < LTA′ < 1.17 m and a longitudinal dis-
tance along the beam axis of |zA′ | < 3.04 m. Following
Ref. [51], an ISR jet with pjT > 30 GeV and |ηj | < 2.5
is required to time stamp the hard collision. The time
delay is required to be ∆t > 1.2 ns in order to suppress
the background.
The dominant SM backgrounds come from the multi
trackless jets in the same-vertex (SV) hard collisions and
in the pile-up (PU) events [51], as well as photons in SV
hard collisions [52]. The SV background arises because
of the finite timing resolution; the PU background is due
to the fact that within one bunch crossing, two hard col-
lisions occurring at two different times can lead to a time
delay signal.
We compute the dijet events at the LHC with
√
s = 13
TeV by using MG5 [42] and also Pythia 8 [43]. We select
events in which the leading jet has pT > 30 GeV and
|η(j)| < 2.5 to time stamp the primary collision, and the
subleading jets have pjT > 3 GeV and |η(j)| < 2.5. The
inclusive jet cross section is σj ≈ 1× 108 pb, under these
detector cuts.
The inclusive photon production cross section at NLO
is σγ ≈ 2 × 108 pb at the LHC with
√
s = 13 TeV, by
using JETPHOX [56] with the CT10 PDF. The detector
cuts are pγT > 3 GeV and |ηγ | < 2.5 for photon and
pjT > 30 GeV and |ηj | < 2.5 for the leading jet.
At the 13 TeV LHC, the SV background events can be
estimated as [51, 52]
NSV = σγL+ σjLfγ ∼ 6× 1014, (12)
where L = 3 ab−1 is the integrated luminosity, and fγ ≈
10−4 is the rate of a jet to fake a photon or a lepton [52].
5The PU background events can be estimated as [51, 52]
NPU = σjL(nPU
σ′j
σinc
)fγfj ∼ 3.75× 109, (13)
where fj ∼ 10−3 [52] is the rate for the jet to be track-
less, σ′j ≈ 1 × 1011 pb is the dijet cross section with the
requirement on all jets of pjT > 3 GeV and |η(j)| < 2.5,
σinc = 80 mb [57] is the inelastic cross section of pp colli-
sions at 13 TeV and nPU ≈ 100 [58] is the average pile-up
number at the HL-LHC.
The time delay distribution of the SM background can
be described by a Gaussian distribution [51]
dP(∆t)
d∆t
=
1√
2piδt
e
−∆t2
2δ2t , (14)
where δt is the time spread. For the PU background,
the time spread, δt = 190 ps, is determined by the beam
property; for the SV background, δt = 30 ps, is deter-
mined by the time resolution [47]. We find that under the
detector cut ∆t > 1 ns, the SV background is negligible
and the PU background is about 260 with L = 3 ab−1;
the PU background also becomes negligible, NPU . 0.5,
if the time delay ∆t > 1.2 ns is required. Thus, we take
∆t > 1.2 ns as the detector cut in our analysis.
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Figure 4. The pT distribution of the leading lepton. We
choose m2 = 700 GeV, mψ = 15 GeV, cτ = 1 m, 2 =
0.01, gF = 1.5 and gW = 1.0. The red, blue and black lines
indicate the dark photon mass of 0.1 GeV, 6 GeV and 20 GeV
respectively.
We perform a full MC simulation and study the effi-
ciency of the detector cuts in the parameter space of in-
terest. We first implement the model into the FeynRules
package [60] and pass the UFO model file into MG5 [42]
to generate 8 × 104 events of the ψ pair production as-
sociated with the time stamping ISR jet i.e pp → ψψ¯j.
The dark showering is simulated in Pythia 8 [22, 43, 44].
Fig. (4) shows the transverse momentum distribution
of the leading lepton, for three different dark photon
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mA ′ = 0.1 GeV
mA ′ = 6 GeV
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Figure 5. The distribution of the time delay ∆t, with the
integrated luminosity L = 3ab−1. pT > 3 GeV is required for
the leading lepton. The bin width is 0.5 (0.1) ns for ∆t > 1
ns (∆t < 1 ns). We choose m2 = 700 GeV, mψ = 15 GeV,
cτ = 1 m, 2 = 0.01, gF = 1.5 and gW = 1.0. The solid
blue, red and black lines indicate the dark photon mass of
0.1 GeV, 6 GeV and 20 GeV. The solid and dashed magenta
curves represent the PU and SV backgrounds respectively.
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Figure 6. The cut efficiency cut as a function of mA′ and mψ.
We set m2 = 700 GeV, cτ = 1 m, 2 = 0.01, gF = 1.5 and
gW = 1.0.
masses. We choose m2 = 700 GeV, mψ = 15 GeV, cτ = 1
m, 2 = 0.01, gF = 1.5 and gW = 1.0, as the benchmark
point. The final state leptons from dark photon decays
are generally not very energetic in the models shown in
Fig. (4). In particular, the lepton events are highly sup-
pressed under the detector cut pT > 3 GeV, for the 0.1
GeV dark photon case.
Fig. (5) shows the distribution of the time delay ∆t.
The model parameters in Fig. (5) are the same as in
Fig. (4). The SM backgrounds are negligible when the
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Figure 7. The contour of the expected signal events at the 13
TeV LHC, as a function of mA′ and mψ. We choose m2 = 700
GeV, cτ = 1 m, 2 = 0.01, gF = 1.5 and gW = 1.0. The
blue and magenta contours indicate the needed integrated
luminosity of 70 fb−1 and 250 fb−1 respectively, to generate
10 events.
time delay ∆t > 1.2 ns. When the dark photon becomes
heavier, more events with a larger time delay appear,
as shown in Fig. (5), since in this case, the dark photon
has a higher probability to move non-relativistically. The
increase of the events with the larger time delay, however,
is offset by the smaller dark photon radiation rate of the
heavier dark photon.
Fig. (6) shows the cut efficiency as a function of mA′
and mψ, where 1370 grid points are simulated. We set
m2 = 700 GeV, cτ = 1 m, 2 = 0.01, gF = 1.5 and
gW = 1.0. As shown in Fig. (4), the detector cut: pT >
3 GeV for the leading lepton, significantly reduces the
efficiency for light dark photon mass. The low efficiency
in the heavy mass region in Fig. (6) is primarily due to
the low radiation rate [61]. It turns out that the region
with significant cut efficiency has 5 GeV < mA′ ,mψ <
35 GeV, with the highest efficiency ∼ 0.18%. We note
that, for the mA′ > 2mψ region, the dark photon is no
longer a long-lived particle since it can decay into a pair
of ψ.
Fig. (7) shows the regions that can be probed at the 13
TeV LHC, with the discovery criterion: S = 10, as a func-
tion of the dark photon mass and the ψ mass. The num-
ber of signal events is computed via S = cut Lσ(pp →
ψψ¯j), where L is the integrated luminosity, σ(pp→ ψψ¯j)
is the production cross section at the LHC, and cut is
the cut efficiency as shown in Fig. (6). The model pa-
rameters are the same as in Fig. (6). The blue and ma-
genta contours indicate the needed integrated luminosity
to generate 10 signal events. Therefore, with an inte-
grated luminosity of 70 fb−1 at the HL-LHC, the LLDP
can be discovered in the time delay channel in the mass
region: 5 GeV < mA′ ,mψ < 21 GeV, with the rest of
the model parameters fixed as in Fig. (6). A larger mass
region: 3 GeV< mA′ ,mψ < 30 GeV, can be discovered if
250 fb−1 data are accumulated at the HL-LHC.
Fig. (8) shows the integrated luminosity needed to
probe the parameter space spanned by 2 and mZ′ . We
choose m1 = 6 GeV, mψ = 15 GeV, cτ = 1 m, gF = 1.5
and gW = 1 as a benchmark. With an integrated lu-
minosity of ∼ 4.0 fb−1, one can probe the 2 value that
saturates the electroweak constraint on the Z mass shift.
To discover a long-lived dark photon model in which
2 ' 10−3, however, one needs about 3000 fb−1 data at
the HL-LHC. When 2 ' O(10−7), the LLDP signal ap-
proaches the value in the conventional LLDP scenario, so
that it is no longer enhanced by the production channel
mediated by the 2 parameter.
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Figure 8. The integrated luminosity needed at the HL-LHC
to probe the parameter region spanned by mZ′ and 2. We
choose m1 = 6 GeV, mψ = 15 GeV, cτ = 1 m, gF = 1.5
and gW = 1. The integrated luminosity needed are ∼ 4.0
fb−1 (black solid), 250 fb−1 (blue solid), and 3000 fb−1 (blue
dashed). The gray shaded region is excluded by the Z mass
shift constraint, as given in Eq. (9). Below the red line, the
dark photon production cross section via 1 dominates.
LHCB
Due to the excellent mass resolution (7-20 MeV) and
vertex resolution (∼ 10µm on the transverse plane) as
well as the ability for particle identification (∼ 90% for
muons) [63, 64], the LHCb detector is able to discover
new elusive particles beyond the SM. An upcoming up-
grade with an increased luminosity and a more advanced
trigger system with only software triggers will further
improve the capability of the LHCb detector to probe
new physics phenomena, such as LLDPs [64]. Recently,
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Figure 9. LHC current and future sensitivity contours to the
LLDP parameter space spanned by 1 and the dark photon
mass. We take mψ = 5 GeV and 2 = 0.01. The blue solid
and dashed contours indicate the regions probed by the LHCb
with 5.5 fb−1 and 15 fb−1 data respectively. The regions
probed by the future MTD CMS with 250 fb−1 and 3000
fb−1 data are shown as red solid and dashed contours respec-
tively. The gray islands at 1 ∼ (10−4 − 10−5) are the LHCb
exclusion regions for the conventional dark photon scenario
[62]. Various experimental constraints on the conventional
dark photon scenario are shown as color shaded regions.
a search for LLDPs in the kinetic mixing model has
been carried out at the LHCb via displaced muon pairs
[62, 65, 66]. In our model, because LLDPs has a larger
production cross section at the LHC than the conven-
tional LLDP models, the LHCb search [62] can probe a
much larger parameter space.
To analyze the LHCb constraints, we choose a bench-
mark point in which mψ = 5 GeV and 2 = 0.01, while
the rest of the parameters take the default values. In
this benchmark point, the ψ production cross section,
σ(pp→ ψψ¯) ∼ 4.3 pb which is dominated by the Z-boson
exchange channel. We use MG5 [42] to generate the LHC
events for each model point on the 1-mA′ plane, which
are then passed to Pythia 8 [22, 43, 44] for showering (in-
cluding showering in hidden sector) and hadronization.
We follow the LLDP search criteria in Ref. [62, 66]
to analyze the signal. In particular, we require the
transverse distance of the dark photon decay vertex of
6 mm < lT (A
′) < 22 mm and the pseudo-rapidity of dark
photons and muons of 2 < η(A′, µ±) < 4.5. These re-
quirements ensure that the displaced vertex is sufficiently
separated from the beam line and registered in the Vertex
Locator (VELO) where the dimuon can be reconstructed
with good efficiency. Furthermore, in order to suppress
the background from fake muons, we also require the mo-
mentum and transverse momentum of muons are greater
than 10 GeV and 0.5 GeV respectively.
The dominant background includes the photon-
conversion in the VELO, muons produced from b-hadron
decay chains, and pions from K0s decays which are
misidentified as muons. Ref. [65] estimated the back-
ground events as B = 25 for L = 15 fb−1, which is
adopted in our analysis and also rescaled for the L =
5.5 fb−1 case. We compute the exclusion region by de-
manding that S/
√
B > 2.71 where S is the signal event
number.
Fig. (9) shows the LHCb exclusion region in the pa-
rameter space spanned by 1 and the dark photon mass
mA′ . With the current luminosity 5.5 fb
−1, LHCb can
probe the parameter space of our model: 200 MeV <
mA′ < 9 GeV and 2 × 10−7 < 1 < 6 × 10−5. The ex-
clusion region in the conventional dark photon scenario
is, however, much smaller, which is shown as two small
gray islands at 1 ∼ (10−4 − 10−5). Thus, in our model,
a significantly larger region of parameter space than the
conventional dark photon model can be probed by the
current LLDP search at the LHCb. A projected limit
from the Run 3 data is also computed; LHCb can probe
the parameter space: 200 MeV < mA′ < 10 GeV and
10−7 < 1 < 10−4, if 15 fb−1 integrated luminosity can
be accumulated in the LHC Run 3 data. We note in pass-
ing that the shape of the exclusion contours is primarily
due to the detector cut on the dark photon decay length:
a smaller 1 value is needed in the larger dark photon
mass region so that the dark photon has the desired de-
cay width to disintegrate in the VELO region. Also the
dip at mA′ ' 0.8 GeV is due to the ω resonance which
suppresses the BR(A′ → µ+µ−). Fig. (9) also shows the
exclusion limits on the conventional dark photon from
various experiments; the limits are taken from the Dark-
cast package [67].
Fig. (9) also shows the sensitivities from the future
MTD CMS detector via the time delay measurement.
As mentioned before, the time delay signal from the fi-
nal state leptons becomes more significant if the LLDPs
have long lifetime and move non-relativistically. There-
fore, the timing detector probes the heavy dark photon
mass region with a smaller mixing parameter 1 which
are currently almost inaccessible at the LHCb. In par-
ticular, with the luminosity of 250 fb−1 at the HL-LHC,
the MTD CMS detector can probe the parameter space:
mA′ > 3.3 GeV and 10
−8 < 1 < 10−7. An even larger
parameter space in our model: mA′ > 2.0 GeV and
10−9 < 1 < 2×10−7, can be reached with 3000 fb−1 data
accumulated at the HL-LHC. Interestingly, this MTD
CMS sensitivity region partly overlaps with the LHCb
sensitivity region with 15 fb−1 data. Thus, if the LLDP
is discovered in this overlapped region, the timing detec-
tor can be used to verify the LHCb results. We note that,
in the region of mA′ > 2mψ, the dark photon will domi-
nantly decay into ψ so that it can no longer be searched
for in the visible channel by the LHCb detector and the
future precision timing detectors.
8SUMMARY
We construct a long-lived dark photon model which
has an enhanced dark photon collider signal. We extend
the standard model by a hidden sector which has two
gauge bosons and one Dirac fermion ψ; the two gauge
bosons interact with the SM sector via different Stueck-
elberg mass terms. The GeV-scale dark photon A′ inter-
acts with the SM fermions via a very small Stueckelberg
mass term (parametrized by the dimensionless quantity
1) such that it has a macroscopic decay length which
can lead to a displaced vertex or a time delay signal at
the LHC. The TeV-scale Z ′ boson interacts with the SM
via a relatively larger mass term (parametrized by the
dimensionless quantity 2). Because the dark photon A
′
is mainly produced at the LHC via the ψ dark radia-
tion processes in which the effective coupling strength is
of the size of 2 the LHC signal of A
′ is thus enhanced
significantly.
Various experimental constraints on the model are an-
alyzed, including the electroweak constraint on the Z bo-
son mass shift, the constraint from the Z invisible decay,
LHC constraints, collider constraints on millicharge, and
cosmological constraints on millicharge. The electroweak
constraint on the Z mass turns out to be the most strin-
gent one, which leads to an upper bound 2 . 0.036, in
the parameter space of interest.
Two types of LHC signals from the LLDP in our model
are investigated: the time delay signal measured by the
precision timing detectors at the HL-LHC, and the cur-
rent LHCb searches on LLDPs. If the LLDP is produced
non-relativistically at the LHC, it has a significant time
delay ∆t, which can be measured by the precision tim-
ing detectors. Under the detector cut ∆t > 1.2 ns, the
SV and PU backgrounds are found to be negligible. The
parameter space of 3 GeV< mA′ ,mψ < 30 GeV in our
model is found to be probed by the timing detector with
250 fb−1 data at the HL-LHC.
Due to the different search strategy, the current LHCb
analysis is more sensitive to the lighter dark photon mass
than the time delay searches. We found that the param-
eter space probed by the current LHCb analysis is much
larger in our model than the conventional dark photon
model investigated in the LHCb experimental analysis.
A comparison between the LHCb search and the time
delay search is also made; they typically probe different
regions of the parameter space but can overlap in some
small regions.
We note that a similar model as ours can be con-
structed by introducing two kinetic mixing parameters,
of magnitude O(10−2) and O(10−7), which are respon-
sible for dark photon production and decay processes,
respectively.
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Decay and Lifetime of Dark Photon A′
The dark photon leptonic decay width is given by
Γ(A′ → l+l−) = mA′
12pi
√
1− 4 m
2
l
m2A′
[(
1− 4 m
2
l
m2A′
)
|al2|2 +
(
1 + 2
m2l
m2A′
)
|vl2|2
]
, (15)
where vl2 and a
l
2 are the vector and axial-vector couplings between the dark photon and the leptons which are given
in Eqs. (4,5). The hadronic decay width can be computed by
Γ(A′ → hadrons) = Γ(A′ → µ+µ−)R(m2A′), (16)
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Figure 10. Left panel: Branching ratio of the dark photon. Right panel: Proper lifetime of the dark photon with various values
of 1. The dashed black line on the right panel figure indicates the criterion for the LHC prompt decay: cτ ≤ 1 µm.
where R(m2A′) ≡ σ(e+e− → hadrons)/σ(e+e− → µ+µ−) takes into account the effects of the dark photon mixing with
the QCD vector mesons and is taken from Ref. [29]. The Γ(A′ → ψψ¯) can be computed by replacing the couplings
and mass for leptons in Eq. (15) with the ones for ψ. We note that below a few hundred MeV, dark photon decays
into the e+e− and µ+µ− pairs. In our analysis, since we consider mA′ < 2mψ, the Γ(A′ → ψψ¯) is kinematically
forbidden.
Fig. (10) shows the SM branching ratios of the dark photon decay and its proper lifetime with different 1 values.
We note that a particle is considered as a long-lived particle in particle colliders if its decay length is larger than the
detector spatial resolution which can vary from O(10)µm to O(10)mm depending on the detectors.
